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Abstract We present a study of the central exclusive pro-
duction of light meson pairs, concentrating on the region of
lower invariant masses of the central system and/or meson
transverse momentum, where perturbative QCD cannot be
reliably applied. We describe in detail a phenomenological
model, using the tools of Regge theory, that may be applied
with some success in this regime, and we present the new,
publicly available, DimeMonte Carlo (MC) implementation
of this for ππ , K K and ρρ production. The MC implemen-
tation includes a fully differential treatment of the survival
factor, which in general depends on all kinematic variables,
as well as allows for the so far reasonably unconstrained
model parameters to be set by the user. We present predic-
tions for the Tevatron and LHC, discuss and estimate the size
of the proton-dissociative background, and show how future
measurements may further test this Regge-based approach,
as well as the soft hadronic model required to calculate the
survival factor, in particular in the presence of tagged protons.
1 Introduction
The study of central exclusive production (CEP) processes
of the type
pp( p¯) → p + X + p( p¯), (1)
can significantly extend the physics programme at high-
energy hadron colliders. Here X represents a system of invari-
ant mass MX , and the ‘+’ signs denote the presence of large
rapidity gaps. Such reactions provide a very promising way
to investigate both QCD dynamics and new physics in hadron
collisions, with there recently being a renewal of interest in
the CEP process; see for example [1–3] for reviews and fur-
ther references.
One particularly interesting example of such processes is
the exclusive production of light meson pairs (i.e. X = M3
a e-mail: lucian.harland-lang@durham.ac.uk
M4 = ππ, K K , ρρ, η(′)η(′), ...). This has been the focus of
recent studies in [4–6], where a perturbative approach, com-
bining the pQCD-based ‘Durham model’ of the CEP process
(see e.g. [7] and references therein) with the ‘hard exclu-
sive’ formalism described in [8] (see also [9]) to calculate
the gg → M3 M4 amplitude, was applied. As summarised
in [6], such an approach, which should be valid at sufficiently
high meson transverse momentum k⊥ (and/or pair invariant
mass MX ), leads to some very non-trivial phenomenological
predictions, while the corresponding gg → M3 M4 helicity
amplitudes have some remarkable theoretical features.
However, the study of meson pair CEP in fact has a
long history, which far predates this approach [10–13] (see
also [14–16] for references and recent studies). In these cases,
the production process was instead considered within the
framework of Regge theory (see for example [17] for an
introduction), with the meson pair produced by the exchange
of two Pomerons in the t-channel, as shown in Fig. 1. Such
a ‘non-perturbative’ picture should be relevant at lower val-
ues of the meson transverse momentum k⊥, where the cross
sections are largest, and may be particularly important for
the case of flavour-non-singlet mesons (ππ , K K , ...), for
which the perturbative contribution is expected to be dynam-
ically suppressed; see [4]. At lower meson invariant masses
MX  2 GeV there will also in general be a host of different
resonances which lie on top of, and interfere with, this contin-
uum contribution; the production of lower mass resonances
was recently examined in for example [18], while in [14] the
continuum background to the production of the higher-mass
χc(0,2) states via two-body π+π−, K +K − decays was con-
sidered. Moreover, we may expect data on the CEP of meson
pairs to be forthcoming from CMS [19], CMS+Totem [20–
22], ATLAS+ALFA [23,24], RHIC [25], and LHCb [26],
while the results of the new analysis of the CDF data at√
s = 900 and 1960 GeV have been presented in [27,28].
For these reasons it is important to give a careful theoret-
ical consideration to meson pair production in this experi-
mentally most accessible regime. In this paper we consider
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a phenomenological model, outlined in [14], and show how
the undetermined aspects of such a model can be constrained
by the forthcoming and existing data, which in this way can
serve as a probe of such a Regge-based framework. We will
also show how the observation of CEP processes, such as
meson pair production, in the presence of tagged protons, can
act as a very sensitive test of the models of soft diffraction,
see e.g. [29–33], which are needed to calculate the ‘survival
probability’ for no additional soft rescattering between the
colliding protons, as well as provide a description of other
hadronic (total, elastic, diffractive) scattering data. In par-
ticular, a measurement of the distribution in azimuthal angle
between the outgoing intact protons can provide a fully differ-
ential test of the soft survival factors. Such measurements are
under consideration at the LHC, with the CMS+Totem [20–
22] and ATLAS+ALFA [23,24] detectors, in particular dur-
ing special low-luminosity running conditions, and they are
already being made at RHIC by the STAR collaboration [25]
and by the COMPASS fixed-target experiment at CERN [34].
Motivated by this, we present in this paper the new public
Dime Monte Carlo [35] for meson pair (ππ, K K , ρρ) CEP
via this non-perturbative mechanism. We give the user free-
dom to set the most important aspects and parameters of the
model, so that these can be compared with and adjusted to
future data. We also include the soft survival factor at the fully
differential level, which (as described in e.g. [7]) is crucial
to give a complete prediction, in particular when considering
the kinematic distributions of the outgoing protons.
Finally, we note that, with the exception of the dedicated
TOTEM + CMS measurements [20–22], the LHC experi-
ments have so far studied CEP processes without the use
of forward spectrometers to tag the outgoing intact protons,
instead applying a Large Rapidity Gap (LRG) veto on addi-
tional particles in a certain rapidity region. Although this can
be used to select a reasonable fraction of purely exclusive
events, in general certain regions in the forward/backward
directions are uninstrumented, and so there is always a pos-
sibility of an admixture of events in which the proton dis-
sociates into a hadronic system, with the secondaries from
this system not seen in the detector. This contribution will
lead to a larger measured cross section than the theoretical
predictions for CEP, which assume that the outgoing pro-
tons remain intact. This contamination may be particularly
important in the case that some suppression is expected in
the purely exclusive cross section, due to for example the
J Pz = 0+ quantum number selection rule (see [14] for some
discussion of this in the case of χc2 production). For this rea-
son, we will also discuss and present estimates in this paper
for the expected size of the proton-dissociative contamina-
tion in events selected experimentally with a large rapidity
gap veto.
The outline of this paper is as follows. In Sect. 2 we
describe the different aspects of the model, considering the
choice of the form factor for the meson–Pomeron coupling
in Sect. 2.1, the possibility of additional particle production
in the Pomeron fusion subprocess in Sect. 2.2, Reggeisa-
tion of the t-channel meson exchange in Sect. 2.3, secondary
Reggeon contributions in Sect. 2.4 and soft survival effects
in Sect. 2.5. In Sect. 3 we describe in more detail the Dime
MC, which implements the model described in the preceding
sections. In Sect. 4 we present a selection of numerical pre-
dictions, and we discuss the possibilities for measurements
at hadron colliders. In Sect. 5 we discuss the issue of pro-
ton dissociation, as described above. Finally, in Sect. 6 we
conclude.
2 Theory
The model we will consider in this paper applies the
well-established tools of Regge theory [17], and is rep-
resented in Fig. 1. In this ‘one-meson exchange’ model
(see for instance [11,12,36]) the mesons are produced via
Pomeron–Pomeron fusion, with an intermediate off-shell
meson exchanged in the t-channel. The CEP cross section
is given by
σCEP = 1
16π(16π2)2
∫
dp21⊥dp22⊥dy3dy4dk2⊥
|M|2
s2
, (2)
where
√
s is the c.m.s. energy, p1⊥, p2⊥ are transverse
momenta of the outgoing protons, k⊥ is the meson trans-
verse momentum and y3,4 are the meson rapidities. Ignoring
secondary Reggeon contributions and soft survival effects
for simplicity (these will be discussed in the sections which
follow), the production amplitude, M, is given by the sum
M = Mtˆ + Muˆ of the t and u-channel contributions, with
tˆ = (P1 − k3)2, uˆ = (P1 − k4)2, where Pi is the momentum
transfer through Pomeron i , and k3,4 are the meson momenta.
Fig. 1 Representative diagram for the non-perturbative meson pair
(M3, M4) CEP mechanism, where M∗ is an intermediate off-shell meson
of type M . Eikonal and (an example of) enhanced screening effects are
indicated by the shaded areas
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We have
Mtˆ =
1
M2 − tˆ Fp(p
2
1⊥)Fp(p22⊥)F2M (tˆ)σ 20
×
(
sˆ13
s0
)αIP (p21⊥)( sˆ24
s0
)αIP (p22⊥)
, (3)
where M is the meson mass, we take s0 = 1 GeV2 and
αIP (p2i⊥) = 1.08−0.25 p2i⊥, for p2i⊥ measured in GeV2 [37],
and si j = (p′i +k j )2 is the c.m.s. energy squared of the final-
state proton–meson system (i j). The proton form factors are
usually taken for simplicity to have an exponential form,
Fp(ti ) = exp(Bi ti/2), as was assumed in the previous work
of [14]; however, as we shall see, the latest fit of [30] for
the soft survival factor suggests a different parameterization
should be taken; see Sect. 2.5. We can see from (3) that the
cross section normalisation is set by the total meson–proton
cross section σtot(Mp) = σ0(si j/s0)α(0)−1 at the relevant
sub-energy; the factor σ0 can be extracted for example from
the fits of [37]. While this is therefore well constrained for the
cases of ππ and K K production, there remain other elements
and possible additions to the model, which as we shall see are
in general quite poorly constrained by the relatively limited
available ISR data. These are: the form factor FM (tˆ) in (3) of
the Pomeron coupling to the off-shell meson, the possibility
to produce additional particles in the Pomeron fusion subpro-
cess and the effect of Reggeisation of the meson exchange in
the t-channel. We will consider each of these in turn, before
discussing the inclusion of secondary Reggeons and soft sur-
vival effects.
2.1 Off-shell meson form factor
The FM (tˆ) in (3) is the form factor for the coupling of the
Pomeron to the outgoing meson and the off-shell t-channel
meson exchange. Unfortunately no direct measurement of
this form factor for light mesons exists: we will see that data
from the ISR place some constraint but nonetheless the shape
of the form factor, in particular at higher values of |tˆ |, is
unknown. We therefore treat it as a phenomenological input
in our model, and will consider for concreteness three differ-
ent possibilities
FexpM (tˆ) = exp
(
bexp tˆ ′
)
, (4)
ForM (tˆ) = exp(−bor
√
−tˆ ′ + a2or + aorbor), (5)
FpowM (tˆ) =
1
1 − tˆ ′/bpow
, (6)
where tˆ ′ = tˆ − M2, and M is the meson mass. That is,
a typical ‘soft’ exponential, a power-like behaviour, and
a form of the type proposed by Orear [38]. Such ‘Orear-
like’ behaviour dσel(pp)/dt ∝ exp(−b√−t) was observed
experimentally [38] in the case of proton–proton scatter-
ing at relatively large |t |, and so we might expect to see a
similar type of behaviour here. Theoretically, it was shown
in [39] that this behaviour may result from the contribution
of a series of diagrams with different numbers of exchanged
Pomerons/Reggeons (i.e. multi-Reggeon cuts). Assuming a
‘soft’ exponential behaviour (∼ exp(Bt)) for one-Reggeon
exchange we get an n-times smaller slope (∼ exp(Bt/n))
for the n-Reggeon exchange amplitude, and the sum of these
contributions may be described by an Orear-like form factor
(see also [40]). Thus (4) may be considered as an ‘effective’
form factor, containing the contribution of a more compli-
cated set of diagrams (i.e. with additional exchanges between
the outgoing mesons in the t-channel) which are not included
explicitly in the calculation. We replace
√−t in (4) by√−t + a2or in order to keep the analytic properties of the
amplitude, in particular under t ↔ s crossing.
All form factors are defined so that they reach unity if the
squared 4-momentum transfer is equal to the meson mass
squared M2. In Sect. 4 we will show how a comparison to
ISR data for exclusive π+π− and K +K − production allows
some approximate values for the parameters (bexp, bor, aor,
bpow) to be extracted. However, as we will see in Sect. 4
the choice of the form factor leads to dramatically different
behaviour at higher |tˆ |, beyond the region probed by the ISR
data. Moreover, we note that these relatively simple phe-
nomenological forms (4)–(5) may not be expected to hold
across the entire |t ′| range. For example, we have the case
when the meson transverse momentum, k⊥, becomes suffi-
ciently high, and the ‘perturbative’ regime is reached, where
the description discussed in [4–6] should be relevant. These
therefore represent our best educated guesses for the off-shell
meson form factor, the validity of which is to be determined
by comparison to future collider data.
2.2 Additional particle production
A correction we may consider to the simple model of (3)
is the suppression which comes from the requirement that
no additional particles are produced in the meson pair pro-
duction process, that is, due to screening corrections; in
terms of the Reggeon formalism these absorptive corrections
are described by the exchange of additional (one or more)
Pomerons in the diagram shown in Fig. 1. First, there is the
exchange between the two incoming (outgoing) protons: this
is just the usual ‘eikonal’ survival factor Seik, which we will
discuss in Sect. 2.5. In addition to this, we have the possibility
of rescattering between the protons and the outgoing mesons.
However, as discussed in more detail in [14], such an inter-
action is either suppressed by the small phenomenological
value of the triple-Pomeron coupling in the case of proton–
Pomeron rescattering, or by the small size of the produced
‘half-dressed’ mesons ∼ 1/√sˆ in the case of proton–meson
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rescattering. Such effects will therefore be ignored in what
follows, and in particular in the Dime MC.
We must also in principle consider the possibility of addi-
tional meson–meson rescattering, that is, due to final-state
interactions. However, as the meson pair production time in
Fig. 1 is practically instantaneous (∼ 1/√sˆ), while a much
longer time (∼ √sˆ/M2) is needed for the formation of a
Reggeon by the secondary meson, there is insufficient time
for a Reggeon emitted by one meson to interact with the other.
More formally, this can be understood from the fact that, as
shown by Mandelstam [41], the leading s contribution in the
case of additional Reggeon exchange comes from non-planar
diagrams and not from planar graphs, of the type discussed
in [42], and to which such a final-state meson–meson inter-
action corresponds. We refer the reader to [14] for a more
detailed discussion.
However, following [4,14], it may be necessary to
introduce an additional suppression factor of the form ∼
exp(−n(sˆ)) to the cross section, corresponding to the small
Poisson probability not to emit other secondaries in the
IP IP → M3 M4 process at the initial meson pair produc-
tion stage (rather than being due to final-state interactions
between the mesons). Here n(sˆ) is the mean number of sec-
ondaries. We expect this to grow with the Pomeron–Pomeron
energy, sˆ = (P1 + P2)2, as n 
 c · ln(sˆ/s0), with the coeffi-
cient c ∼ 0.5–1, see [4]. This factor may be described as the
Reggeisation of the meson M∗ exchange, which means that
we now deal with non-local meson–Pomeron vertices and
the t-channel meson M∗ becomes a non-local object, i.e. it
has its own size. More precisely for the case of ππ CEP we
can take
n(sˆ) = 0 √sˆ < M f2(1270),
n(sˆ) = c ln
(
sˆ
s0
) √
sˆ ≥ M f2(1270), (7)
with s0 = M2f2(1270). We take c = 0.7 as a default value for
definiteness, but we note that different choices are certainly
possible. In this way, we account for the fact that we expect no
additional suppression in the lower mass resonance region,
where additional interactions at the meson pair production
stage lead mainly to the formation of resonances and not to
the production of new secondaries.
A similar although slightly modified procedure is taken for
the case of K +K − CEP. In particular, we replace M f2(1270)
in (7) with M f2(1525), and account for the fact that we should
expect the number of secondaries n(sK K ) to be a function
of the free energy, Efree = MK K − 2MK , available for the
creation of secondary particles, which can be numerically
important because of the larger kaon mass MK . In both cases
the parameter c in (7) defines the strength of this additional
‘Poisson suppression’, and can in principle be extracted from
data, i.e. by measurements of the meson pair invariant mass
distribution, although this is also sensitive to the form of the
off-shell meson form factor described above, as we will see
in Sect. 4.
2.3 Reggeisation of the exchanged meson
In principle, as sˆ increases, we may have to account for the
fact that the exchanged object in the t-channel is not a simple
meson but can correspond to a whole family of exchanges;
that is, the Reggeisation of the intermediate meson. In such
a case we may replace the meson propagator by1
1
tˆ − M2 →
1
tˆ − M2
(
s
s0
)αM (tˆ)
, (8)
where αM (tˆ) is the Regge trajectory to which the exchanged
meson belongs. However, some care is needed here, as it is
not sufficient that the meson pair invariant mass
√
sˆ should
simply be large enough for such a description to be valid:
rather, Reggeisation occurs in the strongly ordered regime
sˆ  |tˆ |, and so if we have |tˆ | ∼ sˆ at large sˆ we cannot expect
the replacement of (8) to be justified. Indeed, for the exper-
imentally relevant regime where the mesons are required to
be produced quite centrally we may expect to be dominantly
in this |tˆ | ∼ sˆ regime, with meson Reggeisation becom-
ing more important as the separation in rapidity between the
mesons increases. To account for this, we may instead make
the replacement
1
tˆ − M2 →
1
tˆ − M2 exp(αM (tˆ)|yM3 − yM4 |), (9)
where yM3,4 are the rapidities of the produced mesons. This
has the correct Regge asymptotics in the |tˆ |  sˆ regime,
while giving no correction as the rapidity separation between
the mesons tends to zero (i.e. for |tˆ | ∼ sˆ), as it must.2 How-
ever, some care must still be taken, as the standard linear
parameterisation of the trajectory αM (tˆ) = αM (0) + α′M t
can only be trusted for lower values of |tˆ |  1 GeV2.
Here, we choose to simply freeze the trajectory αM (tˆ) for
|t | > 1 GeV2, but clearly there is a significant uncertainty in
how to correctly include such an effect in the |tˆ |  1GeV2
region. More generally, it is not clear that this effect of meson
Reggeisation will be important in the relevant kinematic
regime, when the mesons are produced relatively centrally,
1 Sometimes in the literature a different form for the tˆ-dependence of the
Reggeised meson exchange is used; see for example Eq. (17) of [43].
However, our formulation is equivalent to this up to the (unknown)
meson form factor FM (tˆ), and so it amounts to a simple redefinition of
this object.
2 We note that (9) can also be interpreted as the resummation of leading
ln(1/x) contributions which may be enhanced with increased rapidity
separation of the mesons.
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without a large separation in rapidity between them: as we
will describe later, we allow the option to include this effect,
in the way described above, in the new Dime MC, but by
default it is not included.
2.4 Secondary Reggeons
As well as the case of Pomeron exchange shown in Fig. 1,
we must in general allow for the possibility of secondary
Reggeon exchange between the protons and the produced
mesons. This contribution will be subleading for sufficiently
high c.m.s. energy squared s, but will not necessarily be com-
pletely negligible for the experimentally relevant region, in
particular because in (3) the relevant subenergies sˆ13, sˆ24 ∼
MX
√
s (and not s). Moreover, we will present a comparison
in Sect. 4 to ISR data, at
√
s = 62 GeV, where it is crucial to
include such secondary Reggeons.
Considering the case of π+π− production, to achieve this
in (3) we must make the replacement
iσ0
(
sˆ13
s0
)αIP (p21⊥) → ηIPσ IP0
(
sˆ13
s0
)αIP (p21⊥)
+(η f σ f0 ± ηρ σρ0 )
(
sˆ13
s0
)αIR(p21⊥)
(10)
where the ‘±’ corresponds to the case that particle 3 is a
π±, with a similar replacement made for the (i j) = (14)
interaction. The ηi are the signature factors of the IP , f2 and ρ
trajectories, given byηIP ≈ i ,ηρ = −i−tan(παIR(0)/2) and
η f = i −cot(παIR(0)/2), while the normalisation factors σ i0
can be extracted from the fit of [37] to the π± p cross sections.
This gives σ f0 = 31.79 mb and σρ0 = 4.23 mb, while σ IP0 =
13.63 mb. For K +K − production we have σ f2+a20 = 17.255
mb, σρ+ω0 = 9.105 mb and σ IP0 =11.82 mb. Finally, the
leading Reggeon trajectory is given by [37]
αIR(t) = 0.55 + 0.93 t, (11)
where t is measured in GeV2. We have also made the simpli-
fying assumption that the form factor Fp(t) for the Reggeon–
proton coupling is the same as in the Pomeron case.
2.5 Soft survival effects
As discussed in Sect. 2.2, we must account in our cross sec-
tion calculation for the possibility that the colliding protons
can interact in addition to the meson pair production process,
spoiling the exclusivity of the final state. The probability that
there is no additional proton–proton rescattering3 is known
3 We note that the discussion below is identical for the case of anti-
protons.
as the ‘eikonal’ survival factor S2eik, see for example [44–
47] for more details. As discussed in [7], this factor is not
a simple multiplicative constant, but rather depends on the
distribution in the impact parameter space of the colliding
protons. In particular, in the simplest ‘one-channel’ model,
see e.g. [48], which ignores any internal structure of the pro-
ton, we can write the average suppression factor as
〈S2eik〉 =
∫
d2b1t d2b2t |M(s, b1t , b2t )|2 exp(−	(s, bt ))∫
d2 b1t d2b2t |M(s, b1t , b2t )|2 ,
(12)
where bi t is the impact parameter vector of proton i , so that
bt = b1t + b2t corresponds to the transverse separation
between the colliding protons, with bt = |bt |. M(s, b1t , b2t )
is the CEP amplitude (3) in impact parameter space, and
	(s, bt ) is the proton opacity. Physically, exp(−	(s, bt ))
represents the probability that no inelastic scattering occurs
at impact parameter bt .
While the rescattering probability only depends on the
magnitude of the proton transverse separation bt , the hard
matrix element may have a more general dependence. More
specifically, M(s, b1t , b2t ) is the Fourier conjugate of the
CEP amplitude (3), i.e. we have
M(s, p1⊥ , p2⊥) =
∫
d2b1t d2b2t eip1⊥·b1t e−ip2⊥·b2t
×M(s, b1t , b2t ), (13)
where the minus sign in the p2⊥ · b2t exponent is due to the
fact that the impact parameter bt is the Fourier conjugate to
the momentum transfer q = p1⊥ − p2⊥ . We can therefore
see that (12) is dependent on the distribution in the trans-
verse momenta pi⊥ of the scattered protons, these being the
Fourier conjugates of the proton impact parameters, bi t . This
connection can be made clearer by working instead in trans-
verse momentum space, where we should calculate the CEP
amplitude including rescattering effects, T res, by integrating
over the transverse momentum k⊥ carried round the Pomeron
loop (represented by the grey oval labelled ‘S2eik’ in Fig. 1).
The amplitude including rescattering corrections is given by
Mres(s, p1⊥ , p2⊥) =
i
s
∫ d2k⊥
8π2
Mel(s, k2⊥)
×M(s, p′1⊥ , p′2⊥), (14)
where p′1⊥ = (p1⊥ − k⊥) and p′2⊥ = (p2⊥ + k⊥), while
Mel(s, k2⊥) is the elastic pp scattering amplitude in trans-
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verse momentum space, which is related to the proton opacity
via
Mel(s, t) = 2s
∫
d2bt eiq·bt Mel(s, bt )
= 2is
∫
d2bt eiq·bt
(
1 − e−	(s,bt )/2
)
, (15)
where t = −k2⊥. We must add (14) to the ‘bare’ amplitude
excluding rescattering effects to give the full physical ampli-
tude, which we can square to give the CEP cross section
including eikonal survival effects
dσ
d2p1⊥d2p2⊥
∝ |M(s, p1⊥ , p2⊥) + Mres(s, p1⊥ , p2⊥)|2,
(16)
where here (and above) we have omitted the dependence of
the cross section on all other kinematic variables for simplic-
ity. In this way the expected soft suppression is given by
〈S2eik〉
=
∫
d2p1⊥d2p2⊥|M(s, p1⊥ , p2⊥) + Mres(s, p1⊥ , p2⊥)|2∫
d2p1⊥ d2p2⊥ |M(s, p1⊥ , p2⊥)|2
.
(17)
It can readily be shown that (12) and (17) are equivalent.
As we expect, the soft suppression factor depends on the
proton transverse momenta, and so may have an important
effect on the distribution of the outgoing proton p⊥i , via (16).
A simplified approach, where the soft survival suppression
is simply included in the CEP cross section as an overall
constant factor will completely omit this effect. We make
use of this formulation, in particular (16), in the Dime MC
to give a full account of the survival factor and its effect on
the distributions of outgoing proton momenta, which will be
crucial in the presence of proton tagging. We will show in
Sect. 4 that the interference between the ‘screened’ and ‘bare’
amplitude in (16), given by (14) and (3), respectively, can in
particular lead to some interesting diffractive dip phenomena,
as was initially observed in [44] (see also [49,50]).
Finally, we note that the formalism described above is only
valid within the ‘one-channel’ framework, which considers
the pure elastic case, where the proton state is the correct
degree of freedom for hadron-hadron scattering. More real-
istically, in particular to account for the possibility of (low-
mass) diffractive dissociation p → N∗, a more sophisticated
‘multi-channel’ framework is required, in which the incom-
ing proton is considered to be in a coherent superposition of
so-called diffractive eigenstates, which can each be described
by the above one-channel framework. The above formalism
therefore still corresponds to the basic physics input into the
model of soft diffraction that we use; the extension to the
multi-channel case can be achieved in a quite straightforward
manner, and it is described in detail in [44–46]. We will make
use of the two-channel model of [30] to calculate the eikonal
survival factor. In this fit, the coupling of the Pomeron to the
diffractive eigenstate i = 1, 2 is parameterised as
Fi (t) = exp(−(bi (ci − t))di + (bi ci )di ), (18)
where the bi , ci , di are extracted from data on hadronic scat-
tering, and they are given in [30]. To be consistent, we must
then use this in our calculation of the ‘bare’ CEP amplitude
(3), i.e. for the proton form factor Fp(t).
3 Dime MC
We have implemented the model described in Sect. 2
for exclusive meson pair production via double Pomeron/
Reggeon exchange in the new Dime Monte Carlo, which is
available via the HepForgewebpage [35]. The basic ampli-
tude is given by (3) (with the replacement of (10)), while the
user can set the possible extensions and input parameters
described in Sects. 2.1–2.3. Specifically, the three different
choices for the off-shell meson form factors (4–5) are avail-
able, and the parameters (bexp, bor, aor, bpow) may be set as
input, with the default values given according to the com-
parison with ISR data described in Sect. 4. The Poisson sup-
pression factor (7) due to the requirement that no additional
particles may be produced in the IP IP → M3 M4 subprocess
can be included or omitted, and the parameter c can be set
by the user, with the default given as described in Sect. 2.2.
Reggeisation of the intermediate off-shell meson exchange,
given by the approach described in Sect. 2.3, is also available.
Finally, soft survival effects are implemented as described in
Sect. 2.5, including the full dependence on the p⊥i of the
outgoing protons, according to the new models described
in [30]: a choice between any of the four models, as given in
Table 2 of [30], is available to the user.
Currently, the Dime MC implements π+π−, K +K −,
π0π0, K 0 K 0 and ρ0(770)ρ0(770) production. In the ρ0ρ0
case the mesons are decayed via ρ0 → π+π−, including
the finite ρ0 width, according to phase space only,4 while
the factor σ0 in (3) is set by default to the reasonable guess
σ IP0 = 10 mb, i.e. of order the π+π− cross section, but tak-
ing a lower value due the larger ρ0 mass. This somewhat
arbitrary input is necessary due to the lack of ρ0 p scattering
data with which to set the normalisation (another reasonable
choice may be to take σ IP0 =13.63 mb as in π± p scatter-
ing [37]). For ρ0ρ0 production, secondary Reggeons are not
4 A more complete treatment should account for the different ρ polar-
isation states, which may in general have distinct form factors FM (tˆ),
however, given the lack of information as regards these we choose to
ignore such possible polarisation effects in the current version of the
MC.
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included and any spin effects are currently ignored in the pro-
duction subprocess. Given the relative uncertainty in theρ0ρ0
cross section normalisation, we also currently omit any effect
from additional particle production, described in Sect. 2.2,
although this could in principle be included in the future.
4 Numerical results
4.1 Comparison to ISR data
In this section we compare the predictions of this phe-
nomenological model, described in the previous sections and
implemented in the new Dime MC [35], with the exist-
ing low-energy ISR (√s = 62 GeV) data on π+π− [51]
and K +K − [52] CEP. In Figs. 2 and 3 we compare our
predictions for the π+π− and K +K − invariant mass dis-
tributions with these ISR data, taking the three choices of
the meson form factor FM (tˆ) described in Sect. 2.1, cal-
culated with model 1 of [30] for the eikonal survival fac-
tor, and with no meson Reggeisation included. Figure 2
(left/right) shows the prediction with the Poisson suppres-
sion (7) included/excluded, while in Fig. 3 it is included.
For a particular choice of the parameters defined in (4–5),
we can see that the non-resonant contribution to the data
appears to be described reasonably well. We take these val-
ues, given in Table 1, as the default ones in Dime MC, and
we will use them in what follows to present some representa-
tive predictions. However, it should be strongly stressed that
a very precise comparison and extraction of these param-
eters is quite difficult from this somewhat limited data set.
Firstly, most of the data lie in the resonant region: our model
predictions only correspond to the non-resonant contribu-
tion to the experimental cross section, while for π+π− pro-
duction the Mππ < 2 GeV region includes contributions
Fig. 3 Invariant mass distribution for K +K − CEP at
√
s = 62 GeV,
compared to CERN-ISR data [52]. The theory curves are calculated as
described in the text, using the three different parameterisations of the
meson form factor FM (tˆ) given in Sect. 2.1. The kaons are restricted to
lie in the rapidity region |yK | < 1.5 and the cut |x p| > 0.9 is imposed
on the outgoing protons
Table 1 Parameters for different choices of the meson off-shell form
factor (4–5), extracted from ISR data [51,52]
bexp (GeV−2) aor (GeV−1) bor (GeV−1) bpow (GeV2)
0.45 0.71 0.91 1.7
Fig. 2 Invariant mass distributions for π+π− CEP at
√
s = 62 GeV,
compared to CERN-ISR data [51]. The theory curves are calculated as
described in the text, using the three different parameterisations of the
meson form factor FM (tˆ) given in Sect. 2.1. In the left/right figure the
Poisson suppression described in Sect. 2.2 is included/excluded. In all
cases, the pions are restricted to lie in the rapidity region |yπ | < 1.5
and the cut |x p| > 0.9 is imposed on the outgoing protons
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from a number of resonances ( f2(1270), f0(1370), f0(1500),
f ′2(1525), f2(1950), ...) which overlap with each other, and
similarly for the K +K − case. It is not easy to disentangle
the resonant and non-resonant contributions, and so our fit
to the data can only be considered as a guideline. In partic-
ular, the π+π− data are described to an acceptable degree
out to the available Mππ ≈ 2 GeV (where there may still
be some resonant contribution) with and without the Pois-
son suppression (7), with the same choice of the parameters
as in Table 1. Secondly, we can see that the three differ-
ent form factors give comparable fits to the data, with the
possible exception of the exponential form factor when the
Poisson suppression is included, which appears to under-
shoot the π+π− data at higher Mπ+π− . Moreover, the ISR
data, which only extend out to Mπ+π− ∼ 2 GeV (and
similarly for the kaon case) are insensitive to the higher
k⊥  1 GeV behaviour of the form factors (4–5). Thus,
the default values in Table 1 can only be taken as very
rough guides, and the ‘true’ values, and indeed the gen-
eral behaviour of these form factors, may be quite dif-
ferent, in particular at higher k⊥ (see the discussion in
Sect. 2.1).
4.2 Limits from CDF diphoton data
In [53] the observation of 43 γ γ events with |η(γ )| < 1.0
and ET (γ ) > 2.5 GeV, with no other particles detected in
−7.4 < η < 7.4 was reported, corresponding to a cross
section of σγγ = 2.48+0.40−0.35 (stat)+0.40−0.51 (syst) pb. In prin-
ciple there could be some non-negligible contamination to
these data from exclusive π0π0 → 4γ production, with
the photons in the π0 decay merging or one photon being
undetected, however, this was determined experimentally to
be very small, with Fπ0π0 = N (π0π0)/N (γ γ ) < 0.34, at
95 % C.L, and a best fit value of zero observed contamination
(Fπ0π0 = 0). Here ‘N (π0π0)’ is the number of the observed
π0π0 events, and similarly for γ γ . Once the difference in
acceptance due to the π0π0 → 4γ decay is accounted for,
this may translate into a somewhat looser limit on the rela-
tive cross sections, although this effect should not be too dra-
matic, as to first approximation the photons from the decay of
the very light pions will travel collinear to the original pion
direction. This limit is in agreement with the perturbative
results of [4], which make the non-trivial prediction that the
perturbative contribution to flavour-non-singlet meson pair
production (such as π0π0) is dynamically suppressed, with
in particular σ(π0π0)/σ (γ γ ) ∼ 1 % within the CDF event
selection.
However, we should also determine whether the ‘non-
perturbative’ approach described above would predict any
significant π0π0 contamination in the kinematic region rel-
evant to these CDF data. In Table 2 we show the results
of this model for the three different choices (4–5) of the
Table 2 Cross section predictions for π0π0 CEP, with E⊥(π0) >
2.5 GeV, and |ηπ | < 1, calculated within the Regge-based approach
discussed in this paper, for the three choices (4–5) of the meson form
factor described in Sect. 2.1. Also shown are the predictions of the per-
turbative approach described in [4], and, for the sake of comparison,
the CDF measurement [53] of for γ γ CEP within the same acceptance
CDF (γ γ ) Pert. Exp. Orear Power
σ [pb] 2.48 0.01 0.01 30 500
meson form factor described in Sect. 2.1. We take model
1 of [30] for the eikonal survival factor, with no meson
Reggeisation included, and with the Poisson suppression (7)
included; if the Poisson suppression is excluded the resultant
cross sections are larger by almost an order of magnitude,
leading to even stronger constraints on the meson form fac-
tors. We can see immediately that the difference between
these form factors is huge, spanning ∼ 4 orders of magni-
tude. The reason for this is that these predictions are sen-
sitive to relatively high E⊥ > 2.5 GeV values, where the
difference in the form factors is huge (recall also from (3)
that the form factor enters to the fourth power in the cross
section). Thus, while the ISR data, see Figs. 2 and 3, are
only sensitive to a relatively low value of the meson E⊥
(or equivalently, transverse momentum k⊥) where the form
factors are roughly similar in size, these high E⊥ data pro-
vide a much more stringent constraint. In particular, we can
see that both the power and the Orear form factors, at least
taking the default slope parameters of Table 1, are com-
pletely inconsistent with the observed CDF limit on π0π0
CEP in this region. That is, ignoring acceptance effects for
simplicity we have σ(π0π0) < 0.35σ(γ γ ) ≈ 0.8 pb, and
with a best fit value that is consistent with zero. Although
as discussed above the true limit may be somewhat higher,
this is nonetheless clearly much lower than the predicted
π0π0 cross sections for the Orear and power form fac-
tors.
Thus it appears that the CDF data tend to favour a ‘soft’
exponential behaviour (4) for the meson factor, at least in
this E⊥(π0) > 2.5 GeV, |ηπ | < 1 region. However, as we
shall comment below, new preliminary CDF data on π+π−
CEP at
√
s = 900 and 1960 GeV, presented in [27,28], which
extend out to Mππ ∼ 5 GeV, and they are therefore sensi-
tive to a slightly lower region of meson k⊥, appear in fact
to favour the ‘Orear’ behaviour of (4), and disfavour this
exponential form factor. Clearly then this question of the
behaviour of the coupling of the Pomeron to the off-shell
meson, which we have parameterised in the simple forms
given in Sect. 2.1, is an uncertain one. More generally we
should expect that, at sufficiently high meson k⊥, the per-
turbative approach described in [4–6] should be relevant. As
we have discussed above, this approach predicts a strong
dynamical suppression in the π0π0 CEP cross section that
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Fig. 4 Differential cross sections for π+π− CEP at the LHC,
√
s = 7 TeV, with respect to the π+π− invariant mass and transverse momentum
of the π+π− system (note that in this case the three curves are almost identical). The pions are restricted to lie in the rapidity range |yπ | < 2
Fig. 5 Differential cross section for π+π− CEP at the LHC,
√
s = 7 TeV, with respect to the transverse momentum of the π+. The pions are
restricted to lie in the rapidity range |yπ | < 2, and the additional cut of M(π+π−) > 2 GeV is made in the right plot
is not present at all in the non-perturbative model consid-
ered here. At sufficiently high meson k⊥ this suppression
should play a role, and the simplified behaviour given by
the form factors of (4–5) should break down. It seems rea-
sonable to assume that for the kinematic region probed by
the CDF γ γ data, for which we have E⊥(γ ) > 2.5 GeV,
a perturbative approach should be applied; indeed, the mea-
sured γ γ cross section is in good agreement with the predic-
tions of [7], which apply exactly such an approach. Nonethe-
less, the question of when this transition to the ‘pertur-
bative region’ should occur, in particular in the case of
π0π0 CEP (and other flavour-non-singlets), for which the
pQCD-based approach predicts a strongly suppressed cross
section, is an open one. We may hope that future col-
lider data on meson pair CEP will shed further light on
this.
4.3 Predictions for high-energy colliders
In this section we present some selected numerical predic-
tions for π+π− and K +K − production, for different c.m.s.
energies and cuts on the final-state particles, made through-
out using the new DimeMC [35]. We present predictions for
the three choices of the meson form factor described above,
with the default parameters given in Table 1: by compar-
ing these predictions with future collider data, we may for
example hope to shed some slight on the issues discussed
in the previous section. We show in Figs. 4, 5, 6 cross sec-
tion predictions for π+π− CEP at the LHC (√s = 7 TeV)
and Tevatron (√s = 1.96 TeV) collider energies, for the
experimentally most relevant rapidity regions. All of the
predictions which follow include the Poisson suppression
of Sect. 2.2, and they do not include any meson Reggei-
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Fig. 6 Differential cross sections for π+π− CEP at the Tevatron,
√
s = 1.96 TeV, with respect to the π+π− invariant mass and transverse
momentum of the π+. The pions are restricted to lie in the pseudorapidity range |ηπ | < 1.3
Table 3 Cross sections (in μb) for π+π−, K +K − and ρ0ρ0 production
at different
√
s values. The pions/kaons are restricted to lie in the rapidity
region |ηπ,K | < 2.5, while this cut is imposed on the (π+π−) decay
products of the ρ0
√
s (TeV) 0.5 0.9 1.96 7 14
σ(π+π−) 28 23 20 17 16
σ(K +K −) 4.3 4.0 3.6 3.1 3.0
σ(ρ0ρ0) 0.29 0.28 0.26 0.26 0.25
sation. Soft survival effects are calculated using model 1
of [30], however, we note that the distributions of the cen-
trally produced particles which we will consider are highly
insensitive to this choice (we will see later on that there
is some dependence when the distribution of the outgoing
protons is considered). Predictions for other c.m.s. energies
and model parameters can be readily made using the Dime
MC: due to the energy dependence of the soft survival fac-
tor, which suppresses the cross section more with increas-
ing
√
s, see e.g. [30], we predict that the total meson pair
CEP cross section will decrease gently with c.m.s. energy.
This trend can be seen in Table 3, where we show the pre-
dicted π+π−, K +K − and ρ0ρ0 cross sections at five differ-
ent experimentally interesting
√
s values, for the case that
the pions/kaons are restricted to lie in the rapidity region
|ηπ,K | < 2.5 (in the ρ0 case this cut is imposed on the
π+π− decay products). These predictions are made using the
‘Orear’ form factor (4); the π+π− cross section, integrated
down to zero transverse momentum, is largely insensitive to
this choice, while there is some, O(10 %) and O(50 %), vari-
ation in the case of the higher-mass K +K − and ρ0ρ0 states,
respectively. The predicted cross sections are very large,
O(μb), and so such processes represent very promising
observables, even during low-luminosity runs, with in par-
ticular the potential for making observations in the presence
of tagged protons at CMS/ATLAS with the TOTEM/ALFA
detectors being a very interesting possibility (see for exam-
ple [23,24]).
In Fig. 4 we show differential cross sections for π+π−
production at the LHC with respect to the invariant mass and
transverse momentum of the π+π− system. For this exclu-
sive process, the π+π− system recoils against the intact out-
going protons, and so this transverse momentum distribution
is driven by the proton form factors Fp(t) in (3). Thus the
shape of the predicted differential cross section is essentially
independent of the meson form factor, FM (tˆ), taken in the
production subprocess. Any significant deviation from these
distributions for data selected without tagged protons (i.e. by
rapidity vetoes within some acceptance regions), in particular
the observation of a broader p⊥ spectrum, may be evidence
for a non-exclusive proton-dissociative contribution to the
data. In the case of the invariant mass distribution, there is a
difference between the meson form factors, which becomes
transparent above Mπ+π−  2 GeV, to which the existing
ISR data do not extend. This can also be seen in Fig. 5, for
the distributions with respect to the transverse momentum
p⊥ of the π+ (chosen for definiteness, although of course
the π− distribution is completely equivalent), in particular
in the region beyond p⊥(π+) ≈ 1 GeV. We also show the
case when an additional cut M(π+π−) > 2 GeV is imposed:
this would in general be preferable in order to ensure we are
safely away from the resonant region, and so isolate the non-
resonant contribution. In Fig. 6 we show similar distributions,
but for the Tevatron (√s = 1.96 TeV), while in Fig. 7 we
show results for K +K − and ρ0ρ0 production at the LHC,
and the conclusions are the same.
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Fig. 7 Differential cross sections for K +K − and ρ0ρ0 CEP at the LHC,
√
s = 7 TeV, with respect to the meson pair invariant mass. The kaons
and ρ0 decay products (π+π−) are restricted to lie in the rapidity range |y| < 2
Fig. 8 Differential cross sections for π+π− CEP at the LHC,
√
s = 7 TeV, with respect to the transverse momentum of the π+ in the π+π− rest
frame. The pions are restricted to lie in the rapidity range |yπ | < 2
The different form factor predictions can be further dis-
tinguished by considering the distribution of the meson (π+,
K +, ...) transverse momentum in the meson pair rest frame,
so that any contribution due to the non-zero p⊥ of the meson
pair (or equivalently, the outgoing protons) is subtracted. In
Fig. 8 we show predictions for this at the LHC,
√
s = 7 TeV,
for π+π− production, and we find that, in particular for the
exponential meson form factor, which has the softest pre-
dicted p⊥ distribution, the difference between the form fac-
tor predictions is increased. More generally, it is preferable
to consider such a variable as it is independent of the pro-
ton p⊥ distribution (which is dependent on the proton form
factors Fp(t)) and so it will only be driven by the physics of
the meson pair production subprocess, i.e. the choice of the
meson form factor.
Another observable which can be highly sensitive to the
choice of the meson form factor, FM (tˆ), is the angular distri-
bution of the mesons in the pair rest frame. Higher values of
the meson transverse momentum p⊥ are disfavoured, and so
larger values of the pair invariant mass will be preferentially
produced by large rapidity separations between the mesons,
where the corresponding meson p⊥ is minimized. Such a
configuration is equivalent to higher values of | cos θ | in the
meson pair rest frame, and so we will expect this behaviour
to affect the meson angular distributions in a MX depen-
dent way, with the precise quantitative prediction depending
on the choice of FM (tˆ). A particularly transparent way to
examine the mass dependence of these distributions is to
consider the expectation values of the Legendre polynomials
Pl(cos θ), and so in Fig. 9 we show this for π+π− produc-
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Fig. 9 Expectation values of the l = 2, 4 Legendre polynomials
Pl (cos θ), where θ is the angle of the π+ with respect to the beam
axis, in the π+π− rest frame. The predictions shown correspond to
√
s = 1.96 TeV and for the additional cuts p⊥(π) > 0.4 GeV,
|η(π)| < 1, |y(π+π−)| > 1.0 imposed, as in [27,28]
tion at
√
s = 1.96 TeV for the two lowest non-trivial l = 2, 4
cases5 (note that the predicted angular distributions are even
in cos θ and so the odd l contributions vanish), using the
three choices of the pion factor given in Sect. 2.1. The differ-
ence between the form factors is immediately clear, and thus
such observables may prove very useful in distinguishing
between these choices (we also find that these distributions
are largely unaffected by the soft survival factor). We note
that preliminary measurements of these distributions by the
CDF collaboration have been presented in [27,28], and these
are in quite encouraging agreement with the predictions of
Fig. 9 (which apply the same cuts on the pions as in the CDF
analysis) for the case of the ‘Orear’ (4) form factor6 (there is
good agreement as well for the higher l = 6, 8 terms, which
are found to be small in the data). While these data appear to
5 In Fig. 9 the angle θ is defined with respect to the beam axis, in the
π+π− rest frame. It is also possible to consider a related observable,
defined with respect to the incoming Pomeron/Reggeon exchange, how-
ever, this cannot be determined experimentally in the absence of proton
tagging.
6 We note in passing that one interesting measurement reported in [27,
28] is a new limit on the χc0 CEP cross section, via the χc0 → π+π−,
K +K − channels, of dσ/dy|y=0(χc0)  20 nb at 90 % confidence.
This appears to suggest a somewhat larger contribution from the higher
spin χc(1,2) states to the χcJ → J/ψγ combined CDF cross section
measurement of [54] than that predicted in [7], and a similar trend
is also seen in the preliminary LHCb data [55]. To further clarify this
issue we note that an observation of χc0 → π+π− may be possible if an
additional constraint is imposed on the minimum pion p⊥ (see also [14])
or, equivalently, maximum | cos θ |; while the form factor FM (tˆ) will
lead to a preference for larger cos θ values as Mπ+π− is increased, the
isotropic χc0 decay distribution will not, and so by requiring | cos θ | <
0.6 (say) the continuum background will be reduced preferentially, and
an increased S/
√
B may be achievable.
Table 4 Soft suppression
〈
S2eik
〉 (in %), defined in (17), and calculated
using the four soft models described in [30], for π+π− CEP at different
c.m.s. energies. The pions are restricted to lie in the rapidity region
|yπ | < 2.5
√
s (TeV) 0.5 0.9 1.96 7 14
Model 1 15 13 10 7.6 6.4
Model 2 23 21 17 13 11
Model 3 15 14 12 10 8.8
Model 4 15 14 12 9.1 7.9
favour such a form factor, we recall from Sect. 4.2 that such
a form factor appears to be in strong conflict with the earlier
CDF limit [53] on π0π0 CEP for E⊥(π0) > 2.5 GeV and
|ηπ | < 1.
Finally, we consider in more detail the effect of the soft sur-
vival factor, see Sect. 2.5, on the cross section predictions. In
Table 4 we show predictions for the average suppression fac-
tors
〈
S2eik
〉
, defined in (17)7 by which soft survival effects will
suppress the total π+π− cross sections with |yπ | < 2.5. We
show these for four different soft models described in [30]
(see Sect. 2.5). As discussed in [30], these models corre-
sponds to different input parameters and parameterizations of
the Pomeron coupling to Good–Walker eigenstates, and these
all provide a good description of the available soft hadronic
data on elastic and diffractive scattering. On the other hand,
7 More precisely, it is Eq. (11) of [30] which is used. We note that the
averaged survival factors quoted here cannot be used directly to give
the relative cross section predictions for the different models of [30],
as the ‘bare’ cross section itself, i.e. the denominator of this Eq. (11),
also depends on the model choice through the different couplings of the
Pomeron to the Good–Walker eigenstates in each model.
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Fig. 10 Differential cross section dσ/dφ, where φ is the azimuthal
angle between the outgoing proton p⊥ vectors, at the
√
s = 13 TeV
LHC, for the four soft models of [30]. Results are also shown for dif-
ferent cuts on the magnitude of the proton p⊥, and for a cut |yπ | < 2
on the centrally produced pions. For display purposes the predictions
are normalized in the first φ bin, to the model 1 predictions
we can see that the predictions for the survival factor vary
by as much as a factor of 2 between these model choices,
demonstrating the uncertainty in the current models of soft
physics.
We may also consider what additional information can
be provided on the soft survival factor by measuring the
momenta of the outgoing intact protons. It is in particular
interesting to consider the distribution in the azimuthal angle
between the p⊥ vectors of the outgoing protons (see for
instance [44,49,50]) which is in general sensitive to both the
structure of the production subprocess and spin/parity of the
centrally produced state as well as on soft survival effects. In
Fig. 10 we show this distribution at the LHC (√s = 13 TeV)
for the four different soft models described in [30]. While
for the full cross section it appears that there is only a fairly
small difference in shape between the different models, once
cuts are placed on the magnitude of the proton p⊥, this dif-
ference becomes more apparent. Moreover, we can observe a
very distinct ‘diffractive’ dip structure, with the distributions
reaching a minimum at a particular value ofφ. This is a conse-
quence of the destructive interference between the screened
and bare amplitudes in (16), which becomes particularly pro-
nounced at higher proton p⊥, corresponding to a less periph-
eral interaction where survival effects are stronger. For a
particular value of φ this interference is strongest, result-
ing in the observed minimum in the φ distribution (such an
effect was predicted in [44]; see also [49,50]). For the sake
of comparison, in Fig. 11 we show the φ distributions for
these different cuts, without survival effects included (i.e.
simply taking the ‘bare’ amplitude of (3)), and we can see
that this dip behaviour disappears completely. As the form of
the screened amplitude depends on the particular soft model,
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Fig. 11 Differential cross section dσ/dφ, where φ is the azimuthal
angle between the outgoing proton p⊥ vectors, at the
√
s = 13 TeV
LHC, with soft survival effects omitted. Results are shown for the four
choices of the cuts shown in Fig. 10, and for a cut |yπ | < 2 on the
centrally produced pions. For display purposes the predictions are nor-
malized in the first φ bin, to the prediction where no cuts are applied to
the outgoing protons
we may expect the position and depth of this minimum to
be sensitive to this, as well as depend on the particular cuts
imposed on the proton p⊥. In fact, it appears from Fig. 10 that
the position of the minimum does not depend too strongly
on the choice of the model, but nonetheless the overall shape
of the φ distribution does show some variation. We note that
these distributions are largely independent of the details of
the meson production subprocess (i.e. the shape taken for the
meson form factor, although for completeness we note that
the exponential form factor (4) is taken here), and so represent
a potentially unique handle with which to test the different
available models for soft proton interactions. For this reason,
the observation of, for example π+π− and/or K +K − CEP
with tagged protons would provide valuable insight into this
issue.
5 The effect of proton dissociation
As discussed in the introduction, a LRG veto on additional
particles in a certain rapidity region is commonly used to
experimentally select exclusive events. However, without
tagging the outgoing intact protons it is impossible to guaran-
tee that these will be purely exclusive, and there will always
in general be some contamination from events where either or
both protons dissociate. It is therefore crucial to understand
how important such a contribution will be when comparing
any data selected with a LRG veto with the purely exclusive
prediction presented here.
To evaluate the size of this possible contamination at the
LHC, we can use the recent HERA measurements, by the
H1 collaboration, of the elastic and proton-dissociative cross
sections for the photoproduction of J/ψ mesons [56] as
a guide. In this case, it is found that the ratio of proton-
dissociative (pd) to elastic cross sections is quite large, with
σpd/σel ∼ 0.9, for a proton-dissociative system Y of mass
MY < 10 GeV. If we now consider the LHC, the range of
allowed MY can be estimated by considering the case that
the final-state particles in the dissociative system have some
average transverse momenta 〈k⊥〉, for which the system spans
a rapidity [57]
η ≈ ln
(
M2Y
〈k⊥〉m p
)
. (19)
Taking a sensible value for the transverse momentum 〈k⊥〉 ∼
1 GeV, and a typical LHC central detector coverage out to
η = 5, i.e. an uninstrumented η ≈ 4–4.5 for √s = 7–
14 TeV, then gives MY  7–10 GeV. The H1 data therefore
correspond to a very similar region of MY , and they suggest
that the admixture of proton-dissociative events at the LHC
could be rather large. However, to get a more realistic esti-
mate, a MC simulation of the system Y , including the precise
detector acceptances, would clearly have to be performed.
We recall that an analysis of low energy proton–proton
data [58] suggests that the probability of a low-mass p → N∗
dissociation is about 15 %. In the case of high-mass dissocia-
tion, we can expect about a 10 % contribution from secondary
Reggeons (using the IP IP IR vertex from [59]), while the
remaining 75 % must then be caused by the triple-Pomeron
(IP IP IP) term, which is in agreement with the estimates
of [59].
In the case of low-mass dissociation (i.e. the first 15 %
of the proton-dissociative contribution) we expect the dis-
tribution over the squared momentum transfer, t , and the
impact parameter, bt , to be more or less the same as in
the pure elastic CEP case, as these distributions are driven
by the same baryon form factors. On the other hand, the
contributions described by the triple-Reggeon terms have
a different structure, and they are not concentrated in the
same regions of bt space. First, the size of the IP IP IP and
the IP IP IR triple-Reggeon vertices are smaller [59–61] than
the proton size. This is seen for example, in the H1 mea-
surement of the slope in proton-dissociative events, bpd =
1.79 ± 0.12 GeV−2 [56], which is lower than that in elastic
case, for which bel = 4.88 ± 0.15 GeV−2. More impor-
tantly than this is the fact that this dissociation is described
by the one proton–Reggeon vertex, that is by one power of
the proton form factor, Fp(t), while the elastic cross sec-
tion contains the form factor squared Fp(t)2. In other words,
while proton dissociation is described by the first power of
the wave function, in the elastic exclusive process we deal
with the proton wave function (i.e. the parton bt distribu-
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tion) squared, and this contribution is concentrated at much
smaller values of bt , where the opacity, and thus the prob-
ability of additional inelastic soft interactions, which may
fill the rapidity gap, is larger. This was not a problem in the
case of photoproduction in ep collisions, studied by H1 [56],
as here the effect of absorptive corrections is very small.
However, the number of additional (multiple) interactions in
high-energy proton–proton collisions is large and we have to
account for the role of the gap survival factor, 〈S2eik〉 (see for
more details, e.g. [1,4,30,62]) to give a realistic account of
the exclusive and dissociative processes. Thus, to translate
from the H1 result to the case of proton–proton interactions
we have to multiply the high-mass contribution to σpd/σel by
the ratio of survival factors, rS = 〈S2eik(pd)〉/〈S2eik(el)〉. We
must also account for the fact that at the LHC the probability
of low-mass dissociation is found to be smaller than at low
energies: according to the
√
s = 7 TeV measurement by the
TOTEM [63], we should instead take a value of 5 % for this
contribution. Such a change is expected theoretically due to
the increased importance of absorptive effects at the higher
LHC energies as compared to the fixed-target and ISR data.
To estimate the value of rS we write the single diffractive
cross section, for a pair of mesons of invariant mass MX
produced at central rapidity, yX = 0, as
dσ
d ln M2Y dt
∝
∫
dt ′ β(0) β2(t) g3P(t ′)
(
M2Y
s0
)α(0)−1
×
(
s
M2X
)α(t)−1 ∫
dPS2
|Mh |2
sˆ2
, (20)
where t is the squared momentum transfer to the intact pro-
ton, β(t) is the Pomeron–nucleon coupling, Mh is the hard
IP IP → M3 M4 amplitude (i.e. as given in (3) with the
s13, s24 terms, and proton form factors Fp(p2i⊥) removed),
which we assume to be point-like and thus have no effect
on rS , and
∫
dPS2 indicates the M3, M4 phase space inte-
gration. t ′ is the squared momentum transfer in the Pomeron
loop between MY and the hard process |Mh |2, while we
have made the approximation that for centrally produced
mesons the cross section scales like ∼ (1/ξ)2α(t)−2, where
ξ = MX/√s is the momentum fraction transferred through
the Pomeron which connects the intact proton to the hard pro-
cess.8 We use the recent two-channel soft interaction model
8 Strictly speaking, this scaling is not consistent with the behaviour of
(3), for which e.g. s13/s0 ∼ MX√s/s0 and not ∼ 1/ξ = √s/MX for
centrally produced mesons. Rather, we find this behaviour if we make
the arguably more physically reasonable assumption that the correct
Regge scaling variable is s13/(|tˆ | + s˜0), where tˆ corresponds to the
off-shellness of the t-channel meson exchange, as in (3), and s˜0 is an
undetermined soft scale. This is reminiscent of the s/M2 scaling we
find for high-mass dissociation, and is consistent with the (cos θt )α(t)
behaviour we expect from Regge theory, where θt is the usual t-channel
scattering angle. However, the effect of including this scaling in (3) can
Table 5 Ratios rS = 〈S2eik(pd)〉/〈S2eik(el)〉 of the soft survival fac-
tors for single proton-dissociative and pure exclusive production of a
state X , of mass MX and rapidity yX = 0, and for a mass MY of
the dissociation system. Values are shown for the model 3 of the soft
proton interactions described in [30], and with multi-Pomeron vertices
gnm = G3P (λgN )n+m−3 included
(MX , MY ) (GeV) (3,5) (3,10) (10,5) (10,10)
rS 1.68 1.86 1.88 2.08
of [30] together with the t-slope measured by H1 in proton-
dissociative events [56]. In general the value of rS will depend
on MX , yX and MY , due to the non-zero slope of the Reggeon
trajectory, which will affect the bt distribution of the ampli-
tude differently depending on the available rapidity intervals.
We therefore present in Table 5 estimates for some represen-
tative values of MX and MY , assuming yX = 0 for simplicity.
We use model 3 of [30] (which gives an intermediate predic-
tion for the different model choices) for the sake of concrete-
ness and, as well as the triple-Reggeon vertex, G3P = g12, we
allow for multi-Pomeron vertices gnm = G3P (λgN )n+m−3,
which will provide an additional source of screening correc-
tions in proton–proton interactions, when compared to the
HERA case. Taking other versions of the model in [30] gives
values which differ by as much as ±20 %, while excluding
multi-Pomeron vertices decreases rS by ∼ 30–40 %. These
values also depend on the slope of the Pomeron trajectory,
for which we use α′P = 0.25 GeV−2.
Thus we can see that while there is some reasonable
uncertainty and model-dependence in the precise value, the
expected enhancement rS in the proton-dissociative contri-
bution is quite large, with some gentle increase expected at
higher MX and/or MY . Very roughly, if we ignore any differ-
ences between the mass MY probed at HERA and the LHC
(which, as discussed above, are expected to be similar), and
we take the value rS = 1.7 and the HERA measurement of
σpd/σel ∼ 0.75 for high-mass dissociation then we expect
σpd(L HC)/σel(L HC) ≈ 1.5 rS ≈ 2.5, where we have mul-
tiplied by 2 to account for the fact that either proton can dis-
sociate (i.e. assuming the uninstrumented regions are sym-
metric in rapidity, which is not the case at e.g. LHCb), and we
have ignored the small contribution from low-mass dissocia-
tion for simplicity. While this estimate is clearly quite rough,
it demonstrates that the contribution from proton dissociation
Footnote 8 continued
be largely, although not completely, absorbed into a redefinition of the
off-shell meson form factor and reasonable choice of s˜0; moreover,
there is a significant uncertainty and freedom in how to include such
a tˆ dependence when |tˆ |  s˜0. Nonetheless, measurements of central
meson production, with and without proton dissociation may be sensi-
tive to such differences. We take this form of the scaling in (20) because
we believe that it will give a more accurate prediction for the MX depen-
dence of rS , although taking the scaling as in (3) only leads to a ∼ 20 %
differences for experimentally relevant values of MX .
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to the current LHC measurements is nonetheless expected to
be quite large.9 This contamination is expected to be even
larger for processes which are dynamically suppressed in
the purely exclusive case by the J Pz = 0+ selection rule:
for example, as discussed in [14], the relative contribution
from higher-mass dissociation to χc(1,2) events selected with
a LRG veto (as in [55]) is expected to be enhanced when
compared to the χc0 case due to the Jz = 0 suppression
of the χc(1,2) CEP cross sections. However, it is also worth
recalling that in the case of higher-mass proton dissociation,
which, as described above, is expected to give the dominant
source of contamination to exclusive events, the momentum
transferred to the proton is relatively large, leading to a com-
paratively high transverse momentum, pX⊥, of the centrally
produced system, and this fact can be used to reduce or sub-
tract such dissociative contamination, e.g. by simply placing
a cut on higher values of pX⊥.
Finally, we recall that at the Tevatron, previous CDF run
II studies (see e.g. [53,67] for earlier references), for which
the events were also selected using a LRG veto, had a nearly
full rapidity coverage, and so the contribution from events
with unseen proton dissociation was practically negligible.
In the new measurement [27,28] of central π+π− produc-
tion, where the rapidity coverage is not quite as extensive,
the contribution from such events may be somewhat more
important, although should still be quite small. In particu-
lar the uninstrumented rapidity region ranges from η ≈
1–1.7 for
√
s = 900–1960 GeV, corresponding to MY 
1.5–2.2 GeV. Such a low-mass dissociation should only give
a small ∼ 20 % contribution to the purely exclusive events.
Indeed, for
√
s = 900 GeV the rapidity interval is particu-
larly small, and therefore such dissociation should be nearly
absent.
6 Conclusion
In this paper we have presented a detailed analysis of cen-
tral exclusive meson pair production within the framework
of Regge theory, as depicted in Fig. 1. Such an approach is
expected to be relevant at lower values of the meson trans-
verse momentum k⊥ and/or pair invariant mass MX , and it
may be particularly important for the case of flavour-non-
singlet mesons (ππ , K K ...), for which the perturbative con-
tribution is expected to be dynamically suppressed; see [4].
9 As discussed in [14] the addition of Forward Shower Counters
[64,65], which were recently installed by CMS and successfully used
in TOTEM + CMS measurements [20–22], would allow the contribu-
tion from events with comparatively high mass and of a large fraction
of events with the low-mass diffractive dissociation to be excluded.
The Zero Degree Calorimeter (ZDC), which detects neutral particles
in the forward direction, see [64–66], could also be used during low-
luminosity LHC runs to further exclude such dissociative events.
We have provided a detailed description of a phenomenolog-
ical model for such processes, which on the one hand applies
the well-established tools of Regge theory, but on the other is
still currently somewhat unconstrained in its key ingredients.
Such a model compares well to the existing ISR data on exclu-
sive π+π− and K +K − production [51,52], but the new pre-
liminary CDF data on π+π− CEP at
√
s = 900 and 1960 GeV,
presented in [27,28], as well as the forthcoming data from
CMS [19], CMS+Totem [20–22], ATLAS+ALFA [23,24],
RHIC [25] and LHCb [26] represent a new and potentially
extensive test of this approach. This continuum production
process also represents an irreducible background to the CEP
of resonant states ( f0, f2, χc(0,2), ...) via two-body decays to
mesons.
Motivated by this, in this paper we have implemented this
phenomenological model in the new public Dime Monte
Carlo [35] for meson pair (ππ, K K , ρρ) CEP. We give the
user freedom to set the most important, and not fully con-
strained, aspects and parameters of the model, so that these
can be compared with and constrained by future data. We also
include the soft survival factor at the fully differential level,
which (as described in e.g. [7]) is crucial to give a complete
prediction, in particular when considering the distribution of
the outgoing intact protons.
In Sect. 4 we have used this MC to make detailed numer-
ical predictions for the Tevatron and LHC, demonstrating
how different observables may be used to further test and
constrain the phenomenological model. We have also shown
that the distribution in azimuthal angle between the outgoing
protons is highly sensitive to soft survival effects, with strik-
ing ‘diffractive dips’ appearing when various cuts are placed
on the proton p⊥. In this way, measurements of exclusive
meson pair production with tagged protons may be used as
a novel probe of the models of hadronic interactions used
to calculate the soft survival factors. Such measurements
are possible at the LHC, with the CMS+Totem [20–22] and
ATLAS+ALFA [23,24] during special low-luminosity run-
ning conditions, and they have already begun to be made at
RHIC by the STAR collaboration [25].
In [4,5] it was shown how meson pair CEP may be mod-
elled in a pQCD-based framework, which should be relevant
at sufficiently high meson transverse momentum k⊥. Such an
approach leads to many non-trivial predictions and displays
some remarkable theoretical features, as summarized in [6].
However, as the meson k⊥ decreases, we would not expect
to trust such an approach, and so we must instead consider a
more model-dependent formalism, as described in this paper.
Nonetheless, this model, while not firmly grounded in QCD,
still presents an interesting and rich phenomenology, which
is beginning to be explored with new analyses from the Teva-
tron and forthcoming data from the LHC and RHIC. More
generally, we may hope in the future to experimentally probe
the transition between these two regimes, an issue which still
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remains unclear. In the context of the model discussed in this
paper, this transition is highly sensitive to the form factor
for the coupling of Pomeron to the meson pair production
subprocess. We have seen how the preliminary CDF mea-
surement [27,28] of π+π− production seems to be described
better by an ‘Orear’ type form factor (∼ exp(−bk⊥)). On the
other hand we have also shown that such a form factor, which
falls off relatively gently with the meson k⊥ in comparison
to the standard ‘soft’ exponential behaviour (∼ exp(−bk2⊥)),
tends to predict a π0π0 cross section at higher k⊥ that is in
strong conflict with the CDF measurement of γ γ CEP [53],
and corresponding limit on π0π0 production. Further mea-
surements will therefore be crucial in further clarifying this
uncertain question.
The central exclusive production of meson pairs there-
fore represents a process of much phenomenological inter-
est, which can shed light on both perturbative and non-
perturbative aspects of QCD. Moreover, it is of particular
experimental relevance, with a range of forthcoming and
existing hadron collider data to consider. In this paper we
have provided the tools for a more in-depth comparison of
the existing theory with such data, and in this way to shed
further light on this interesting process.
Acknowledgments We thank Mike Albrow, Paula Collins, David
d’Enterria, Jonathan Hollar, Risto Orava, Kenneth Osterberg, James
Stirling and Antoni Szczurek for useful discussions. This work was
supported by the grant RFBR 14-02-00004 and by the Federal Program
of the Russian State RSGSS-4801.2012.2. MGR thank the IPPP at the
University of Durham for hospitality. VAK thanks the Kavli Institute
for Theoretical Physics at USCB for hospitality during the preparation
of this work.
Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
Funded by SCOAP3 / License Version CC BY 4.0.
References
1. A.D. Martin, M.G. Ryskin, V.A. Khoze, Acta Phys. Polon. B 40,
1841 (2009), arxiv:0903.2980
2. M.G. Albrow, T.D. Coughlin, J.R. Forshaw, Prog. Part. Nucl. Phys.
65, 149 (2010), arxiv:1006.1289
3. L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, W. J. Stirling
(2013), arxiv:1301.2552
4. L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, W.J. Stirling, Eur.
Phys. J. C 71, 1714 (2011), arxiv:1105.1626
5. L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, W.J. Stirling, Eur.
Phys. J. C 73, 2429 (2013), arxiv:1302.2004
6. L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, W.J. Stirling, Phys.
Lett. B 725, 316 (2013), arxiv:1304.4262
7. L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, W.J. Stirling, Eur.
Phys. J. C 69, 179 (2010), arxiv:1005.0695
8. S.J. Brodsky, G.P. Lepage, Phys. Rev. D 24, 1808 (1981)
9. M. Benayoun, V.L. Chernyak, Nucl. Phys. B 329, 285 (1990)
10. A. Kaidalov, K. Ter-Martirosyan, Nucl. Phys. B 75, 471 (1974)
11. Y.I. Azimov, V.A. Khoze, E.M. Levin, M.G. Ryskin, Sov. J. Nucl.
Phys. 21, 215 (1975)
12. J. Pumplin, F. Henyey, Nucl. Phys. B 117, 377 (1976)
13. B.R. Desai, B.C. Shen, M. Jacob, Nucl. Phys. B 142, 258 (1978)
14. L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, W.J. Stirling, Eur.
Phys. J. C 72, 2110 (2012), arxiv:1204.4803
15. P. Lebiedowicz, A. Szczurek, Phys. Rev. D 81, 036003 (2010),
arxiv:0912.0190
16. P. Lebiedowicz, A. Szczurek, AIP Conf. Proc. 1523, 132 (2012).
arxiv:1212.0166. doi:10.1063/1.4802134
17. P.D.B. Collins, An Introduction to Regge Theory and High-Energy,
Physics (1977)
18. P. Lebiedowicz, O. Nachtmann, A. Szczurek (2013),
arxiv:1309.3913
19. D. d’Enterria, private communication
20. C. Mesropian (CMS Collaboration), talk at EDS Blois 2013 Work-
shop, Saariselka, Lapland, September 9–13
21. TOTEM collaboration, F. Oljemark, Report No. EDSBLOIS-2013-
18, (2013), arxiv:1310.4305
22. F. Oljemark, talk at EDS Blois 2013 Workshop, Saariselka, Lap-
land, September 9–13
23. R. Staszewski, P. Lebiedowicz, M. Trzebinski, J. Chwastowski, A.
Szczurek, Acta Phys. Polon. B 42, 1861 (2011), arxiv:1104.3568
24. T. Sykora, talk at EDS Blois 2013 Workshop, Saariselka, Lapland,
September 9–13
25. L. Adamczyk, talk at the Workshop 15th conference on Elastic
and Diffractive scattering, EDS Blois 2013 Workshop, Saariselka,
Lapland, September 9–13
26. P. Collins, talk at ‘Results and Prospects of Forward Physics at the
LHC’, CERN, Feb. 11–13, 2013
27. M. Albrow, A. Swiech, M. Zurek, Report No. FERMILAB-CONF-
13-467-PPD, EDSBlois-2013-37, EDSBLOIS-2013-37, (2013),
arXiv:1310.3839
28. M. Albrow, talk at EDS Blois 2013 Workshop, Saariselka, Lapland,
September 9–13
29. M.G. Ryskin, A.D. Martin, V.A. Khoze, Eur. Phys. J. C 60, 265
(2009), arxiv:0812.2413
30. V.A. Khoze, A.D. Martin, M.G. Ryskin, Eur. Phys. J. C 73, 2503
(2013), arxiv:1306.2149
31. V.A. Khoze, A.D. Martin, M.G. Ryskin (2013), arxiv:1312.3851
32. E. Gotsman, E. Levin, U. Maor, Phys. Lett. B 716, 425 (2012),
arxiv:1208.0898
33. E. Gotsman, E. Levin, U. Maor, Phys. Rev. D 85, 094007 (2012),
arxiv:1203.2419
34. A. Austregesilo for the COMPASS Collaboration (2013),
arxiv:1310.3190
35. The Dime code and documentation. http://dimemc.hepforge.org/
36. P. Lebiedowicz, R. Pasechnik, A. Szczurek, Phys. Lett. B 701, 434
(2011), arxiv:1103.5642
37. A. Donnachie, P.V. Landshoff, Phys. Lett. B 296, 227 (1992). hep-
-ph/9209205
38. J. Orear, Phys. Rev. Lett. 12, 112 (1964)
39. A. Anselm, I. Dyatlov, Phys. Lett. B 24, 479 (1967)
40. I. Andreev, I.M. Dremin, Pisma. Zh. Eksp. Teor. Fiz. 6, 810 (1967)
41. S. Mandelstam, Nuovo Cim. 30, 1148 (1963)
42. D. Amati, A. Stanghellini, S. Fubini, Nuovo Cim. 26, 896 (1962)
43. B.G. Yu, T.K. Choi, W. Kim, Phys. Rev. C 83, 025208 (2011),
arxiv:1103.1203
44. V.A. Khoze, A.D. Martin, M.G. Ryskin, Eur. Phys. J. C 24, 581
(2002). hep-ph/0203122
45. M.G. Ryskin, A.D. Martin, V.A. Khoze, Eur. Phys. J. C 60, 249
(2009), arxiv:0812.2407
46. M.G. Ryskin, A.D. Martin, V.A. Khoze, Eur. Phys. J. C 71, 1617
(2011), arxiv:1102.2844
47. V.A. Khoze, A.D. Martin, M. G. Ryskin 1402, 2778 (2014)
123
2848 Page 18 of 18 Eur. Phys. J. C (2014) 74:2848
48. V.A. Khoze, A.D. Martin, M.G. Ryskin, Eur. Phys. J. C 14, 525
(2000). hep-ph/0002072
49. L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, W.J. Stirling, Eur.
Phys. J. C 71, 1545 (2011), arxiv:1011.0680
50. L.A. Harland-Lang, V.A. Khoze, M. G. Ryskin 1310, 2759 (2013)
51. Ames-Bologna-CERN-Dortmund-Heidelberg-Warsaw Collabora-
tion, A. Breakstone et al., Z. Phys. C 48, 569 (1990)
52. Ames-Bologna-CERN-Dortmund-Heidelberg-Warsaw Collabora-
tion, A. Breakstone et al., Z. Phys. C 42, 387 (1989)
53. CDF Collaboration, T. Aaltonen et al., Phys. Rev. Lett. 108, 081801
(2012), arxiv:1112.0858
54. CDF Collaboration, T. Aaltonen et al., Phys. Rev. Lett. 102, 242001
(2009), arxiv:092.1271
55. LHCb collaboration, CERN-LHCb-CONF-2011-022
56. H1 Collaboration, C. Alexa et al., Eur. Phys. J. C 73, 2466 (2013),
arxiv:1304.5162
57. A.B. Kaidalov, Phys. Rept. 50, 157 (1979)
58. A.B. Kaidalov, Sov. J. Nucl. Phys. 13, 226 (1971)
59. E.G.S. Luna, V.A. Khoze, A.D. Martin, M.G. Ryskin, Eur. Phys.
J. C 59, 1 (2009), 0807.4115
60. A.B. Kaidalov, V.A. Khoze, Y.F. Pirogov, N.L. Ter-Isaakyan, Phys.
Lett. B 45, 493 (1973)
61. R. Field, G. Fox, Nucl. Phys. B 80, 367 (1974)
62. A. Kaidalov, V.A. Khoze, A.D. Martin, M.G. Ryskin, Eur. Phys. J.
C 21, 521 (2001). hep-ph/0105145
63. G. Totem, Antchev et al. Europhys. Lett. 101, 21003 (2013)
64. M. Albrow et al., JINST 4, P10001 (2009), arxiv:0811.0120
65. A. Penzo, talk at Forward Physics at the LHC meeting, Reggio
Calabria, 15–18 July 2013
66. A.J. Bell et al. (2012), FERMILAB-PUB-10-718-CMS, CERN-
CMS-NOTE-2010-015
67. C.D.F. Collaboration, M. Albrow 0909, 3471 (2009)
123
